• Treatment with alexidine dihydrochloride, a Ptpmt1 inhibitor, reprograms cellular metabolism and preserves long-term stem cells ex vivo.
Introduction
Despite the success of hematopoietic stem cell (HSC) transplantation therapy in controlling hematopoietic malignancies and other blood disorders, the difficulty in maintaining functional long-term stem cells in culture outside of the bone marrow (BM) microenvironment has impeded our ability to safely and effectively transplant HSCs in certain clinical contexts. As differentiation is favored over expansion under most culture conditions, approaches that can maintain limited functional stem cells and block differentiation are of key importance for stem cell-based therapy. Insight into the coordination of energy metabolism with HSC self-renewal and differentiation has emerged. [1] [2] [3] Distinct from differentiated progenitors and mature blood cells, HSCs use glycolysis instead of mitochondrial oxidative phosphorylation for energy production. 1, 4, 5 However, they need to switch to mitochondrial metabolism to meet rapidly increasing energy demands for differentiation. 6, 7 This metabolic requirement provides the possibility that forcing HSCs to use glycolysis or preventing the differentiationassociated switch to mitochondrial metabolism could block differentiation, thereby facilitating HSC maintenance and expansion. We have recently shown that Ptpmt1, a mitochondrial Pten-like phosphatase, 8 plays a crucial role in embryonic stem (ES) cells 9 and HSCs. 7 Ptpmt1 depletion blocks differentiation in ES cells and HSCs without affecting cell survival. 7, 9 Inspired by these findings and given that a known antibiotic, alexidine dihydrochloride (AD), has been identified as a selective and potent Ptpmt1 inhibitor, 10 we investigated whether HSCs could be better maintained/expanded ex vivo by pharmacologic inhibition of Ptpmt1.
Study design
Competitive repopulation assay ) from primary recipients 20 weeks after primary transplant were transplanted into secondary recipients. These animals were euthanized 16 weeks after transplant, and reconstitution of donor cells was analyzed.
Oxygen consumption and extracellular flux measurement
Oxygen consumption rate and extracellular acidification rates were measured using a metabolic flux analyzer (Seahorse Bioscience, North Billerica, MA) under basal conditions and in the presence of the mitochondrial inhibitor oligomycin (1 mM), the uncoupling compound carbonylcyanide-4-(trifluoromethoxy)phenylhydrazone (1 mM), and the respiratory chain inhibitor rotenone (1 mM).
Results and discussion
We first determined the specificity of AD, a reported inhibitor of Ptpmt1. 10 Treatment with this compound decreased proliferation and differentiation in wild-type ES cells (supplemental Figure 1 , available on the Blood Web site), recapitulating the phenotypes of Ptpmt1 knockout ES cells. 9 However, these effects of the compound were barely detectable in Ptpmt1-deleted cells, verifying the specificity of this inhibitor. To determine whether HSCs could be better maintained ex vivo by pharmacologic inhibition of Ptpmt1, mouse lineage negative (Lin 2 ) cells containing HSCs were cultured for 5 days in serum-free StemSpan medium supplemented with Tpo, Flt3L, and stem cell factor, which is helpful for maintaining stem cells, with or without AD, and then transplanted into lethally irradiated mice (3 3 10 4 cells per mouse). Ninety percent of the mice receiving vehicle-treated cells died due to hematopoietic failure. In contrast, all of the animals transplanted with AD-treated cells survived ( Figure 1A) . Furthermore, the frequency of competitive repopulating units (CRUs) in AD-treated cultures determined by limiting dilution and competitive repopulation assays was The overall and lineage reconstitution from AD-treated cultures was substantially increased compared to that of control cells in both primary ( Figure 1E -G) and secondary ( Figure 1H ) transplants, strongly suggesting that pharmacologic inhibition of Ptpmt1 preserves functional long-term mouse stem cells. Remarkably, AD treatment of ex vivo cultured human apheresis cells also significantly increased the percentage of phenotypic stem cells (Lin
2 ) ( Figure 1I ). Moreover, ex vivo expansion efficiencies of phenotypic stem cells ( Figure 1J ) and functional multipotential progenitors (colony forming units of granulocyte, erythrocyte, macrophage, and megakaryocyte) 
BLOOD, 5 MARCH 2015 x VOLUME 125, NUMBER 10 EX VIVO MAINTENANCE OF HEMATOPOIETIC STEM CELLS 1563
For personal use only. on December 27, 2017. by guest www.bloodjournal.org From ( Figure 1K ) under these culture conditions were increased to nearly 35-and 25-fold, respectively, by additional AD treatment.
To further validate the effect of the Ptpmt1 inhibitor, we treated wildtype mice with AD or vehicle for 2 weeks. Both the percentage and absolute number of BM phenotypic HSCs (Lin 11 were increased compared to controls (supplemental Figure 3A-B) , although the treatment lasted only 2 weeks and the achieved plasma levels of the drug were unknown. Competitive repopulation assays demonstrated that the repopulation capabilities of BM cells from AD-treated mice were greatly increased (supplemental Figure 3C-D) . CRU assessment showed that the frequency of CRUs in AD-treated mice was nearly doubled, confirming that functional stem cells were expanded in these animals (supplemental Figure 3E) .
To understand the mechanisms of the stem cell protection provided by AD, we analyzed the cell cycle. The percentage of AD-treated LSK cells at the G 1 phase was decreased, whereas the percentages of S/G 2 /M cells were not changed (data not shown). More importantly, the percentage of AD-treated cells at the G 0 phase was increased by more than threefold (Figure 2A ), indicating that inhibition of Ptpmt1 helps maintain stem/progenitor cells in quiescence in culture, which is known to be critical for protecting stem cells from exhaustion under various stresses. 12, 13 In agreement with the cell cycle changes, p21 and p57 (cyclin-dependent kinase inhibitors controlling HSC cycling) [14] [15] [16] were upregulated in the presence of AD ( Figure 2B ). We next sought to define the mechanisms underlying the cell cycle changes. AD-treated cells had much lower basal oxygen consumption and maximal oxidative capacity compared to control cells ( Figure 2C ). Measurement of extracellular proton flux revealed greatly increased extracellular acidification rates in AD-treated cells (Figure 2D) , indicative of enhanced glycolysis. Intracellular levels of pyruvate, the key metabolite at the intersection of cytosolic glycolysis and mitochondrial aerobic metabolism, were elevated in AD-treated cells ( Figure 2E ), implying that mitochondrial utilization of this major substrate is decreased. The activity of lactate dehydrogenase, the enzyme responsible for converting pyruvate to lactate in the cytosol, was also increased ( Figure 2F ). Adenosine 59-monophosphate-activated protein kinase (AMPK), an intracellular energy sensor linking metabolic stress to changes in the cell cycle, [17] [18] [19] was highly activated in AD-treated LSK cells ( Figure 2G ). Acetyl-CoA carboxylase, one of the targets of AMPK and a negative regulator of fatty acid oxidation 20 was inhibited, as evidenced by the increase in the inhibitory phosphorylation of this enzyme ( Figure 2G ), indicating that fatty acid oxidation is enhanced in AD-treated cells. Because glycolysis and fatty acid metabolism are required for the quiescent state of HSCs, 1, 3 the Ptpmt1 inhibitor appears to maintain stem cell quiescence and prevent them from differentiation by reprograming cellular metabolism.
To further verify that hyperactivation of AMPK is important for the function of AD, we treated LSK cells with compound C, an inhibitor of AMPK, 21 in combination with AD. The stem cell protective effect of AD was abolished by compound C (supplemental Figure 4) . Conversely, treatment with the mitochondrial respiratory chain (complex I) inhibitor metformin, which activates AMPK, 22 better preserved LSK cells in culture than the vehicle (supplemental Figure 5A-B) , providing additional support for the role of hyperactivated AMPK in maintaining stem cells ex vivo, although depletion of this kinase has minimal effects on HSCs in mice. [23] [24] [25] Assessment of cellular metabolism showed that metformin indeed significantly decreased mitochondrial aerobic metabolism and caused a marked increase in glycolysis (supplemental Figure 5C-D) . Taken together, this study provides proof-of-concept for a novel strategy; that is, reprograming cellular metabolism to preserve functional HSCs ex vivo, and suggests that AD and metformin may be used in combination with other agents to achieve better maintenance and expansion of stem cells in ex vivo procedures.
